Introduction
Hepatocellular carcinoma (HCC) is the fifth most common human malignancy and the third leading cause of cancer-related deaths worldwide. [1] [2] [3] Despite the recent advances in therapeutic strategies such as surgical resection, orthotropic liver transplantation, and radio-frequency ablation, the clinical outcomes of HCC patients have not improved due to the asymptomatic nature, late diagnosis, and early metastasis of this cancer.
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Zhu et al hypoxia endurance, and growth regulation. [10] [11] [12] Recent studies have correlated ENO1 with tumorigenesis and cancer progression [13] [14] [15] and have also shown its specific involvement in multiple signaling pathways in HCC cells. 2, 16, 17 However, the clinical significance and diagnostic value of ENO1 in HCC remain to be elucidated.
In this study, we analyzed the HCC expression profile data from The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases, as well as HCC tissue microarray (TMA), and found that ENO1 mRNA and protein expression levels were higher in HCC tissues than in the adjacent normal tissues. Furthermore, high expression of ENO1 was associated with poorer overall survival (OS) rates and had reliable diagnostic value in distinguishing HCC tissues from non-HCC tissues. Taken together, ENO1 is a promising prognostic and diagnostic biomarker in HCC patients.
Materials and methods
TCga data source
The mRNA gene expression data of 374 tumor samples and 50 adjacent normal liver samples were downloaded from TCGA HCC data set (https://tcga-data.nci.nih.gov/tcga/). The followup clinical information was available for 327 HCC patients and was utilized to analyze the correlation between ENO1 expression and clinicopathological features. The raw data were processed and analyzed by Biometric Research Branch array tools.
geO data source
Twelve sets of microarrays -including 1,309 HCC samples and 1,442 nontumor samples -were extracted from the GEO database (http://www.ncbi.nlm.nih.gov/geo/) and used for meta-analysis to evaluate the diagnostic power of ENO1. The 12 cohorts consisted of GSE6764, GSE10143, GSE14520, GSE25079, GSE36376, GSE39791, GSE57957, GSE60502, GSE62232, GSE64041, GSE76297, and GSE84005 datasets. Their characteristics including cohort ID, RNA-seq platform, number of samples (nontumor and tumor samples), publication year, and country are summarized in Table S1 .
Tissue samples
The TMA of 93 HCC specimens and 87 normal liver specimens (HLiv-HCC180Sur-10) from the regions around cancers was purchased from Outdo Biotech Company (Shanghai, China) and used to further validate ENO1 expression and the prognostic value in HCC. None of the patients whose samples were included in the TMA had received any prior chemotherapy, immunotherapy, or radiotherapy before surgery. The study was approved by the ethics committee of The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China. Written informed consent of each patient was obtained.
gene set enrichment analysis (gsea) and scatter plot analysis GSEA was used to determine the distribution of the individual genes of the TCGA HCC data sets. If most members of a particular data set were positively related to the expression of ENO1, with significance set at P<0.05, the set was termed associated with ENO1. The scatter plot was extracted from the Gene Expression Profiling Interactive Analysis online analysis tool (http://gepia.cancer-pku.cn/).
statistics for meta-analysis Stata 12 .0 was used to analyze the pooled diagnostic value of ENO1 with the data from GEO data set. Evaluation of heterogeneity was assessed using I 2 , with I 2 >50% indicating significant heterogeneity. When heterogeneity was observed between the studies, the random effect model was used and the subgroup analysis was performed. Publication bias was determined by Begg's funnel plot and Egger's test.
immunohistochemistry (ihC)
IHC was performed as previously described. 18 Briefly, 5-µm-thick TMA sections were dewaxed and treated with hydrogen peroxide to quench endogenous peroxidase activity, followed by overnight incubation with rabbit antihuman ENO1 antibody (1:150; Proteintech, Wuhan, China) at 4°C. The immunoreactive cells were detected by SignalStain ® DAB (Cell Signaling Technology, Dancers, MA, USA) and counterstained with Hematoxylin QS (Vector Laboratories, Burlingame, CA, USA). ENO1
+ cells containing brown granules were counted independently by two pathologists who were blinded to clinical parameters, and the samples were scored according to the proportion of positive cells as follows: 0, none; 1, <25%; 2, 25%-50%; 3, 51%-75%; and 4, 76%-100%. The staining intensity was scored as follows: 0, none; 1, weak; 2, moderate; and 3, strong. The total staining score (range 0-12) was calculated by multiplying the two subscores, and the samples with scores 0-6 and 7-12 were classified as low expression and high expression, respectively.
statistical analyses
The statistical analyses were performed using the GraphPad Prism software (Version 6.0; GraphPad Software, Inc., La Jolla, CA, USA) and the SPSS software (Version 23.0; IBM Corporation, Armonk, NY, USA). The Chi-squared test was used to determine the relationship between ENO1 expression levels Figure 1A ). Furthermore, high ENO1 expression levels were observed in patients with advanced TNM stage and poor differentiation (P<0.001) ( Figure 1B and C and Table 1 ). As shown in Table 1 , there was no correlation of ENO1 expression with race, age, gender, α-fetoprotein (AFP) levels, and tumor histological type. In addition, high ENO1 expression predicted poorer OS and disease-free survival in HCC patients ( Figure 1D and E). Univariate and multivariate Cox regression analyses showed that ENO1 and TNM stage were independent prognostic factors for HCC patients (Table 2 ). In addition, the GSEA revealed that overexpression of ENO1 was correlated with gene signatures associated with poor survival ( Figure 1F ), while low expression of ENO1 was correlated with gene signatures of good survival ( Figure 1G ). Taken together, high ENO1 expression was related to tumor progression and poor prognosis of HCC patients.
enO1 expression in hCC was validated by meta-analysis of geO database hCC microarrays
To further verify the expression of ENO1 in HCC, 12 verified microarrays from the GEO HCC database were analyzed. As shown in the forest plot (Figure 2A ), the expression of ENO1 in HCC tissues was higher than that in the nontumor tissues (pooled standard mean difference [SMD]=0.92, 95% CI=0.72-1.13, P<0.001) under a random effect model and the results were also obtained using the Chi-squared test ( Figure 2B ). The sensitivity analysis revealed no significant differences among the included studies ( Figure 2C ). The funnel plots were basically symmetric (Begg's P=0.837, Egger's P=0.539), indicating no significant publication bias ( Figure 2D ). Subgroup analysis suggested that the heterogeneity was partially from different regions and sample sizes of the included cohorts ( Figure S1 and Table S2 ).
ROC curve analysis was used to determine the diagnostic value of ENO1 in distinguishing HCC tissues from non-HCC tissues. The area under the curve (AUC) of the G S E 1 0 1 4 3 G S E 1 4 5 2 0 G S E 2 5 0 7 9 G S E 3 6 3 7 6 G S E 3 9 7 9 1 G S E 5 7 9 5 7 G S E 6 0 5 0 2 G S E 6 2 2 3 2 G S E 6 4 0 4 1 G S E 7 6 2 9 7 G S E 8 4 0 0 5 Figure 3A) . The AUCs of different GEO data sets were as follows: GSE10143, 0.817 (95% CI: 0.770-0.864, P<0.001; Figure 3B) ; GSE14520, 0.743 (95% CI: 0.696-0.790, P<0.001; Figure 3C ); GSE36376, 0.754 (95% CI: 0.708-0.800, P<0.001; Figure 3D) ; GSE64041, 0.750 (95% CI: 0.661-0.839, P<0.001; Figure 3E ); and GSE76297, 0.813 (95% CI: 0.710-0.916, P<0.001; Figure 3F ). The respective specificities of different data sets were 0.821, 0.941, 0.959, 0.862, and 0.897, and the sensitivities were 0.638, 0.516, 0.538, 0.617, and 0.744, respectively. Taken together, ENO1 was a reliable diagnostic marker in HCC.
enO1 protein was upregulated and related to the poor prognosis in hCC TMa cohort
We also measured the in situ levels of ENO1 protein in the HCC TMA cohort. Consistent with the results obtained with the TCGA and GEO HCC data sets, ENO1 protein was highly expressed in HCC tissues ( Figure 4A -C) and was associated with advanced TNM stage ( Figure 4D ). Furthermore, patients with high levels of ENO1 protein had shorter OS than those with low expression ( Figure 4E ). Collectively, ENO1 is a potential biomarker for HCC prognosis.
Potential molecular mechanism of enO1-mediated progression of hCC
Based on the TCGA HCC data, we further predicted the potential mechanism of ENO1 action in HCC using GSEA and found a significant correlation between high ENO1 expression and DNA replication and cell cycle. Scatter plot analysis showed a significant positive correlation between ENO1 expression level and the genes involved in cell cycle and DNA replication ( Figure 5A and B), such as MKI67 (P<0.001, R=0.54; Figure 5C ), PCNA (P<0.001, R=0.46; Figure 5D ), CDK4 (P<0.001, R=0.5; Figure 5E ), CDK2 (P<0.001, R=0.43; Figure 5F ), and MELK (P<0.001, R=0.58; Figure 5G ), indicating that ENO1 contributed to the poor prognosis of HCC likely through driving HCC cells' proliferation. 
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Discussion
HCC represents more than 90% of primary liver cancers and has an overall poor prognosis. 19 Therefore, it is vital to dissect the molecular mechanisms underlying the initiation and progression of HCC. Recent studies showed an oncogenic function of ENO1 in various cancers, with high expression levels observed in cervical squamous cell carcinoma, 13 pancreatic cancer, 11, 15 breast cancer, 20 non-small cell lung cancer (NSCLC), 21 nasopharyngeal carcinoma, 22 and HCC. 16, 17 We analyzed the expression level of ENO1 on multiple HCC samples using the gene expression data available in TCGA and GEO HCC databases and HCC TMA. We found consistently high ENO1 expression in HCC tissues, indicating its oncogenic role in HCC.
Recent studies have correlated high expression of ENO1 in some primary cancers with tumor progression and poor prognosis. For example, Song et al 23 and Chen et al 24 reported that high expression of ENO1 was significantly correlated with poor prognosis in glioma patients. Similarly, NSCLC patients expressing relatively higher ENO1 levels in the tumors had poorer survival outcomes. 25 Consistent with these findings, we found that high ENO1 expression was positively correlated with the poor prognosis of HCC patients as per the TCGA and HCC TMA data. In addition, univariate and multivariate analyses showed that ENO1 expression was an independent prognostic factor in HCC.
Although previous studies had reported a potential biomarker role of ENO1 in HCC, 16, 17 no convincing evidence was available for its diagnostic power in HCC. We therefore conducted a meta-analysis on previous studies retrieved from the GEO HCC data set. The ROC curves showed satisfactory diagnostic performance, thereby substantiating that ENO1 was a reliable diagnostic marker for distinguishing HCC tissues from non-HCC tissues.
We also predicted the potential mechanism of ENO1 action in HCC using GSEA and found a significant correlation between high ENO1 expression and HCC cell cycle and DNA replication. The cell cycle is a complex and strictly controlled process 26 and is frequently dysregulated in tumorigenesis. [27] [28] [29] Consistent with our results, several studies had demonstrated an important role of ENO1 in the proliferation and cell-cycle progression of various malignancies, including HCC. 16, 21, 30 In addition, ENO1 expression was positively correlated with that of MKI67, PCNA, CDK4, CDK2, and MELK, which were involved in cell cycle and DNA replication, and associated with the malignant phenotype of HCC.
31,32
Conclusion
ENO1 is overexpressed in HCC and associated with cancer progression and poor prognosis. This is the first study to explore the value of ENO1 as a clinical biomarker in HCC and underscore its potential as a potential prognostic and diagnostic biomarker in HCC patients.
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